Abstract-Retroflexion during colonoscopy is typically only practiced in the wider proximal and distal ends of the large intestine owing to the stiff nature of the colonoscope. This inability to examine the proximal side of the majority of colon folds contributes to today's suboptimal colorectal cancer detection rates. We have developed an algorithm for autonomous retroflexion of a flexible endoscope that is actuated magnetically from the tip. The magnetic wrench applied on the tip of the endoscope is optimized in real time with data from pose detection to compute motions of the actuating magnet. This is the first example of a completely autonomous maneuver by a magnetic endoscope for exploration of the gastrointestinal tract. The proposed approach was validated in plastic tubes of various diameters with a success rate of 98.8% for separation distances up to 50 mm. Additionally, a set of trials was conducted in an excised porcine colon observing a success rate of 100% with a mean time of 19.7 s. In terms of clinical safety, the maximum stress that is applied on the colon wall with our methodology is an order of magnitude below what would damage tissue.
form of cancer worldwide for females and males, respectively [1] . Adenoma, or benign tumor, detection rate (ADR) during colonoscopy has been shown to be a predictor of the risk of cancer developed between routine screenings [2] . Although ADRs are over 25% for men and 15% for women, most experts agree that these can be improved. A 1% increase in ADR has also been shown to coincide with a 3% decrease in the risk of cancer [3] . Although the use of the flexible endoscope has been the standard diagnostic tool for over 50 years, adenoma miss rates of 15 to 41% have been reported [3] , [4] . These low performance rates are hypothesized to result from polyp positioning on the proximal side of folds and flexures [4] . Retroflexion is a maneuver where the endoscope is rotated backwards inside a lumen for an improved endoscopic view behind folds and, owing to the stiff nature of the traditional endoscope, is typically only practiced in the proximal and distal ends of the colon where the lumen diameter is largest. The maneuver is recommended by the American Society of Gastrointestinal Endoscopy and labeled as an "essential" element of colonoscopy [5] . Additionally, past studies have shown that retroflexion cannot be replaced by extensive endoscopy manipulation since it is inadequate for viewing behind folds [6] .
As emphasized in literature, the use of push-actuated flexible endoscopes increases the chance of tissue damage and often results in colon wall deformation and looping, which account for 90% of pain during colonoscopy procedures [7] . This has motivated the development of several forward-driving endoscope modalities, of which tethered magnetic actuation has been labeled as most feasible [8] , [9] .
Retroflexion using a tethered magnetically actuated capsule was demonstrated in previous work using open-loop teleoperation [10] ; however, the lack of position and orientation feedback of the device resulted in a steep learning curve and long procedure duration. Developing an autonomous retroflexion maneuver is crucial to the procedure to reduce adenoma miss rate. It is worth mentioning that, owing to the convoluted geometry and deformable nature of the colon, it is impractical to pursue development of an automated system-one where rules are defined and fixed in advance-but rather an autonomous one, where a system's behavior is constrained by a set of rules [11] , but can adapt to a dynamic environment as necessary. Thus, decisions on the motion of the tip of the endoscope should be made algorithmically in real-time, eliminating any teleoperative input from the user for the specific task of retroflexion. Additionally, an autonomous system reduces the level of experience required to perform the maneuver, thus maintaining the focus on diagnostics during retroflexion training rather than endoscope maneuverability. Crucial to this aim are real-time localization and closed loop control of the tip of the endoscope, both demonstrated previously by our group [12] [13] [14] [15] and others [16] [17] [18] .
In this letter, we present an algorithm for retroflexing a magnetic endoscope on experimental setups of increasing complexity. Using real-time magnetic localization [12] , the tip of the endoscope, starting from a straight alignment with the lower-bowel lumen, is retroflexed by a magnetic wrench applied from an external permanent magnet (EPM) that is attached to a 6 degree-of-freedom (DoF) industrial manipulator as seen in Fig. 1 . The algorithm, running at a rate of 65 Hz (real time), optimizes the magnetic wrench that is applied on the device's tip so as to drive the endoscope toward a target pose, as a function of end-effector motion.
The contribution of this work is the optimization of the endeffector motion in task space making it more suitable for applications where task-space constraints (e.g. avoiding collision with the patient's body) exist. Further, in our previous work [13] , [15] , the error term for the closed-loop orientation controller was defined by the cross product of the current and desired heading vectors. While this error term describes the shortest angular path between the heading vectors, it is not necessarily the most efficient for magnetic manipulation. In this work, we demonstrate that a more efficient error term can be found, especially in the context of retroflexion.
This letter contains a brief system description, detailed discussion of the algorithm used, bench-top results showing the success rate and time to retroflex in tubes of various diameters as well as varied end effector heights from the top of the lumen, and results of an ex vivo trial on a porcine lumen. As with development of any medical device, of utmost importance is patient safety. In addition to algorithm validation, we developed an experimental platform to estimate the maximal stress that is applied onto the lumen during our retroflexion maneuver.
II. PLATFORM DESCRIPTION
The system consists of an endoscope with a magnetembedded tip and serial 6 DoF manipulator. The manipulator (RV-6SDL, Mitsubishi Corp, Japan) carries a cylindrical external permanent magnet (EPM) (N52, 4" diameter and length, axial magnetization with residual flux density of 1.48 T, ND_N-10195, Magnet World Inc., USA) at its end effector. The endoscope's tip, shown in Fig. 2(a) , is fabricated from 3D printed material (VeroWhitePlus RGD835, Stratasys Ltd., MN, USA) and has a diameter and length of 20.6 mm and 18.1 mm, respectively. A flexible sleeve (Cast Urethane -Elastomer 25A) joins the tip with a 6.5 mm diameter endoscope body (Pebax 35D Propell), Fig. 2(b) , through which electrical wires as well as a tool and an irrigation channel are routed. The tip contains a flexible circuit with localization sensors as well as an embedded permanent magnet (EM) (D77-N52, 7/16" diameter and length, axial magnetization with residual flux density of 1.48 T, K&J Magnetics Inc, USA).
III. THEORETICAL APPROACH
The theoretical formulations used are based on the work of Mahoney and Abbott who demonstrated closed-loop control of a dipole-driven wireless capsule [18] . The linearizations of magnetic force and torque that the EPM exerts onto the capsule, or in our case onto the tip of the endoscope, have been analytically derived and explicitly presented in our previous work [13] . Hereafter, bold letters indicate vectors (v), a dot above a letter indicates a time derivative (v), a hat over a bold letter indicates a unit vector (v), and an uppercase letter indicates a matrix (M ). I denotes the identity matrix. We attempt to maintain the same nomenclature as these previous works for clarity and define the magnetic moment direction vectors of the EM and EPM asm c andm a , respectively. The EM is aligned such thatm c corresponds to the heading of the device and thus points to the outside of the tip while aligned with its central axis. All vectors are expressed in the world (base of manipulator) frame with p = p c − p a indicating the relative position vector of the endoscope from the actuating magnet.
This work is centered around the task of continuously applying a magnetic wrench onto the EM, which we assume to be in quasistatic equilibrium with the rest of the body of the flexible endoscope, such that the tip is reversed by 180
• from its headingm c at the start of the maneuver to a final headinĝ m c d e s . In the first subsection, we describe the algorithm which consists of solving a constrained optimization problem. In the second subsection, we discuss the reasoning behind the optimal solutions that are computed.
A. Optimizing External Permanent Magnet Motion
In this algorithm, we continuously maximize the infinitesimal magnetic forceḟ m ∈ R 3 and torqueτ m ∈ R 3 that step the tip of the endoscope toward a desired heading,m c d e s . To compute infinitesimal wrench, we linearize the field in terms of EPM motion by utilizing the dipole-dipole model that has been shown to be accurate for cylindrical permanent magnets, especially as the distance between them increases [19] . Benefits of optimizing over end-effector motion are the ability to act on and constrain EPM motion directly as well as to weigh optimization contributions to favor linear or angular EPM motion. This is because, as seen in (2) and (3), magnetic force and torque are functions of both relative positions and orientations of both magnets, and thus, torque can be increased by either rotating the EPM or translating it in the proper direction. In this work, we regulate the height of the EPM so as to keep it constant throughout a retroflexion maneuver. The magnetic field of the EPM is expressed as:
where D = 3pp − I. The force, f m , and torque, τ m , induced on the EM are expressed in vector form as:
where Z = I − 5pp . The relationship between the applied magnetic wrench and the EPM's pose is linearized analytically at each time step in the following manner:
where S(a) ∈ so(3) denotes the skew-symmetric form of the cross-product operation. Given the EM and EPM's discrete position, we optimize the linear and angular velocity of the EPM, x a ∈ R 6 , such that an infinitesimal wrench magnitude reduces heading error; we designate this heading-error-reducing direction by using the subscript "dir" in the objective function as follows:
Here, the diagonal weight constraint matrix W c ∈ R 6×6 is used to specify how much the solution should favor more translation or rotation of the EPM. In our application, we are optimizing a vector that has two units: m/s for linear EPM velocity, and rad/s for angular EPM velocity. This unit mismatch has the same impact as the linear and angular components of a Jacobian being in disproportion. We use W c to eliminate the effect of unit inequality by scaling up the linear weight.
By choosing an optimizedẋ a in the heading-error-reducing direction, we apply the maximum possible infinitesimal wrench that moves the tip such that heading error is reduced. To implement a direction preference in the objective function, we utilize a set of projection matrices in the optimization problem. If the force and torque Jacobians (linearizations of eq. 2 and eq. 3) were to be solely used to findẋ a , the solution would result in an EPM motion that caused the maximum possible infinitesimal wrench without care for direction. To specify the favored directions in force and torque, we utilize projection matrix P ft ∈ R 6×6 , which results in the following formulation:
P ft is composed of three projection matrices: P F , P T , and P E , all ∈ R 3×3 :
P F is used to specify a desired direction of force application. We observe that applying a force in the direction of the desired heading assists in reducing the heading error. This is likely attributed to the effect of the body of the endoscope anchoring against the wall of the colon after its tip has retroflexed more than 90
• . This projection is used only in the final 30
• of the maneuver and is otherwise maintained as an identity matrix, thus the desired infinitesimal force is passively determined with proper torque application being favored. We define this projection matrix as P F =m c d e sm c d e s .
The infinitesimal torque direction is optimized under a few premises, to aid the explanation of which, we refer the reader to Fig. 3: 1) Owing to the symmetry of the EM, no torque can be applied in the direction alongm c ; thus the set of applicable torques must lie on plane P mc as seen in Fig. 3 . 2) A torque applied in the direction ofm c d e s does not assist in reducing heading error; thus the plane orthogonal tô m c d e s , P T in Fig. 3(a) and (c), is preferred for direction of torque application. 3) The ideal axis that reduces heading error is defined bŷ φ =m c ×m c d e s . An axis that is chosen to be orthogonal toφ can reduce heading error; however, cannot eliminate heading error completely if this axis is not continuously changed and is thus not preferred. We define this not-preferred axis asê =m c d e s ×φ. Rotation aboutê, because it is orthogonal tom c d e s , causes rotation away from the desired heading. We desire the torque axis to be orthogonal toê and thus on plane P E as shown in Fig. 3 (b) and (d). We define projection matrices P T = I −m c d e sm c d e s and P E = I − k eêê where k e is a scalar that is used to weigh the effect of P E . As aforementioned, we desire to find a solutionẋ a that imparts a maximum magnitude of infinitesimal torque onto the EM. This optimization process can be thought of as searching the plane of applicable torques, P mc , and choosinġ x a that imparts the largest projection of infinitesimal torque onto projection planes P T and P E . Fig. 3(a) and (b) show these projection planes at the beginning of the retroflexion, while Fig. 3(c) and (d) show these planes at the end of the retroflexion. During the beginning of retroflexion P mc is closely aligned with P T , therefore we prioritize the use of P T by setting k e to 0, which is maintained until the midpoint (90
• ) of the retroflexion. We note that from the beginning to this midpoint, P T increasingly favors the infinitesimal torque to align withφ owing to the projection plane P T becoming orthogonal to P mc . On the contrary, as the tip of the endoscope is rotated from the midpoint to the desired heading, the opposite occurs andφ is favored less and less. When this happens, the algorithm does not punish the the torque axis having a large component alongê, which has the adverse effect of increasing heading error. To compensate for this effect, we scale up the effect of P E by increasing k e linearly from 0 at the midpoint of retroflexion to 1 as the endoscope becomes aligned with the desired heading. The symmetry of the EM inherently limits us to 2 DoF in torque, i.e. vectors on P mc plane in Fig. 3 , and P T and P E do not eliminate a full DoFs but rather assist in specifying preferred directions of torque.
The diagonal weight matrices W EPM ∈ R 6×6 and W ft ∈ R 6×6 , seen in Eq. 6, are used for both designating preferred DoFs to act on, or completely constraining the solution. W EPM can be used to punish unwanted EPM motion by setting corresponding weights between 0 and 1. Setting a diagonal element of W EPM to 0 results in the respective EPM velocity DoF not influencing the resulting infinitesimal wrench, while setting a diagonal element of W ft to 0 results in the respective infinitesimal wrench being 0. To demonstrate how such weights can be used, in our application we choose to set the third through sixth diagonal elements of W EPM as functions of the angle between the world vertical axis and the manipulator's last link. This is a simple method to prevent contact of other robot links with the patient. W ft allows for discriminating force and torque effects that dictate which components of the magnetic wrench to optimize. In other words, one can specify whether a higher torque or force application is preferred in a certain direction over another, an example of which is the desired avoidance of lateral force on the colon.
In the interest of real-time computation, we optimize via Lagrange multipliers with the following Lagrange function:
We evaluate by standard means of setting a scaled gradient equality:
that is equivalent to: (10) and can be rapidly computed as an eigenvalue problem:
where A is ∈ R 6×6 and the optimal vectorẋ * a is the eigenvector that imparts an EPM motion that, in turn, applies the largest change in force and torque in the desired direction. Using gradient projection methods as introduced by [20] , a redundant DoF resulting from the symmetry of cylindrical magnets is utilized for favorable link orientation with respect to the patient's general location. These joint rates acting in the EPM's linearized nullspace are referred to asq R . Finally, the commands are converted into desired joint velocities by using the right pseudo-inverse of the manipulator's Jacobian, denoted by J
, that produces a minimum joint norm solution which is coupled with the nullspace solution and sent to the robot.q
B. Reasoning Behind Chosen Optimal Solutions
As mentioned above,φ is the ideal axis for reducing heading error and if there was a rigid link between the EPM and EM Fig. 4 . The axis that defines the shortest angular path between current and desired headingφ vs. the maximum theoretical torque application axisξ. This schematic demonstrates that the two axes are not necessarily aligned.
then this axis should always be used to reduce heading error. However, owing to the nature of the dipole field, consideration must be made as to what is the best way to apply a magnetic torque between dipoles. Past works, such as [13] , [15] , [18] , set desired infinitesimal torque directions aboutφ; however, we now demonstrate that this is typically not the most effective axis to apply torque about. We show that one must take into account the relative poses of the magnetic fields when determining how a heading error should be minimized.
We define an ideal torque application axis,ξ, about which the greatest possible torque can be applied on the actuated magnet and is a function of the relative magnet poses. A schematic describing the concept is shown in Fig. 4 . Let us first examine a simple case where the magnet heading is along the world x axis,m c = [1, 0, 0] , the EPM heading is along the world −x axism a = [−1, 0, 0] , and the EM is located directly under the EPM (p = [0, 0, −1] ). This is a typical initial configuration for retroflexion, and an axis of rotation must be decided. Rotation about the x axis is fruitless owing to axial symmetry of the magnets, and we are left with either a y or z rotation, or a combination of the two. We are interested in which rotation has the largest magnitude of δτ m which is defined as follows [13] :
where C is a constant and the first term considers the projected component of δm a onto the relative position axis that is normal to the heading of the endoscope, while the second is independent of position. and thus we see more efficiency in the vertical (z) increase inm a . The two-factor magnitude increase of δτ m occurred here owing to orthogonality of δm a andp, however, this magnitude will typically scale with the cosine of the angle between them. Seeing that varying the axis of rotation can impact torque magnitude as much as two-fold, it is reasonable to assume that the best axis of rotation is not necessarily the one that defines the shortest path between Note that the high variance between data sets is acceptable and is attributed to the trials being independent of each other, which is expected owing to the system responding to the motion of the endoscope rather than following a preplanned trajectory.
the current and desired heading. A trade-off will then exist between the magnitude and directness of each possible torque axis. Owing to our necessity for high torque to overcome the endoscope body's bending stiffness and to move through a tortuous and deformable colon environment, we allow the algorithm to always choose the highest torque inducing motion for the end effector.
To demonstrate that our algorithm chooses axes other thanφ, we recorded the algorithm's chosen infinitesimal axis,τ alg , of torque application (note that in previous works this was chosen to beτ alg =φ). As seen in Fig. 5 , there exists a visible variance between each trial; however, this is expected as each retroflexion trial is dependent on the current behavior of the endoscope, thus trials should not be expected to have identical behavior. Data is plotted as a function of the angle betweenm c andm c d e s . As the maneuver starts, there is over an 80
• difference betweenφ andτ alg . This difference is attributed toφ being nearly vertical (because ofm c being nearly horizontal) whileτ alg is nearly horizontal. As the pitch of the tip increases (m c approaches a vertical heading), the difference betweenφ andτ alg reduces significantly. When choosing the axis of infinitesimal torque, we must compromise between choosing the axis of maximum torque application and an axis that reduces the heading error.
IV. VALIDATION

A. Validating Retroflexion
To evaluate the algorithm, a series of bench-top trials were conducted on the platform shown in Fig. 1 . Of utmost importance in setting experimental parameters was clinical relevance. Plastic tube sizes of 38 mm, 44 mm, 50 mm, and 60 mm were chosen as they fall in the range of adult human colon diameters: 20-120 mm, where a 120 mm diameter can be reached at the apex of the sigmoid colon [21] , [22] . Setting the desired height of the EPM necessitates the consideration of both patient location and the decay of field strength with distance. We specify a virtual barrier, which we call the "no-cross height", as the vertical distance above the colon wall that cannot be crossed by the EPM. Owing to the adult male's mid-saggital abdominal wall thickness being 15-20 mm [23] and an approximate colon tissue thickness of 1 mm [24] , we chose the no-cross height to be 40 mm, 50 mm, and 60 mm for experiments, giving at least nearly 20 mm of leeway for a layer of fat at the worst case. An increase in magnet strength can easily allow for a larger spacing. For each combination of tube diameter and no-cross height, 10 trials were conducted with results shown in Table I . For a trial to be labeled as successful, the endoscope's heading had to reach within 10
• of the desired retroflexed heading. The algorithm completion success rate was 98.8% for EPM spacings of 50 mm and below; however, this success rate drastically dropped when the spacing was increased to 60 mm owing to an inability to impart a sufficient magnetic wrench.
To verify the clinical applicability of the method, a set of 10 trials was conducted on a freshly-excised porcine colon, which is anatomically similar to that of a human [25] . The colon was mounted inside a 47 mm inner diameter tube-the mean diameter of the human colon [22] -as shown in Fig. 6 . We note that the tissue appears to fully expand into the diameter of the tube, and thus approximate the inner diameter of the colon to be that of the tube, or 47 mm. As seen in the last row of Table I , a 100% success rate was achieved with a mean maneuver duration of 19.7 s. This is approximately 1.6% of the average duration of adult colonoscopy with no intervention (21.1 ± 10.4 min [26] ). During one of the trials inside the 60 mm ID tube at a no-cross height of 50 mm, the endoscope slipped and the external magnet was forced to make motions that were out of the ordinary to eventually achieve a successful retroflexion. This caused a trial time of 47.5 s and thus raised the mean trial time to 17.0 ± 10.8 s. Without this outlier, the mean retroflex time for trials inside the 60 mm ID tube at a no-cross height of 50 mm was 13.6 s. The outlier was not omitted as the algorithm did succeed in overcoming the unexpected difficulty. Additionally, we note that as the no-cross height is lower, a greater magnetic force and torque are applied by the EPM onto the magnet, and thus trials with a lower no-cross height tend to have a shorter time of retroflexion, which can be seen in Table I . The mean time of retroflexion during the ex vivo trial was approximately 5 s slower than that of trials conducted in plastic tubes with similar inner diameters (44 mm and 50 mm) with the same EPM spacing. This longer time of retroflexion inside real tissue is likely attributed to the added resistance of tissue deformation as well as the tissue stretching that is not typically encountered in vivo owing to the presence of the mesentery (i.e., tissue that connects organs to the body). Footage of both in-tube trials as well as the ex vivo assessment can be seen in the multimedia attachment.
B. Tissue Stress Measurement
While applying proper forces and torques to achieve retroflexion may be achievable, it is necessary that the resulting reaction on tissue does not induce damage. The applied magnetic force and torque on the EM can be monitored and bounded [27] ; however, an additional reaction on tissue-resulting from the bending stiffness of the body of the endoscope applying a moment on the EM-occurs and is present after the tip of the endoscope passes the half-way point of the retroflexion. To experimentally measure the force applied by the endoscope on the colon wall, an experimental setup, seen in Fig. 7(a) , was designed. A 60 mm ID tube was cut along its length such that the endoscope made contact with one side that was rigidly coupled with a 6-axis force/torque sensor (Nano 17 SI-25-0.25, ATI Technologies Inc., Canada) while the body of the endoscope made contact with the other.
As shown in the schematic in Fig. 7(b) , the body of the endoscope exerts a negligible distributed load on the (what is shown as) bottom tissue wall and is thus ignored. On the other hand, the endoscope applies on the top wall a combination of magnetic force, reaction force from the endoscope body's bending stiffness, and forces from friction and tissue deformation. Although effects of tissue deformation are not considered here, they have been investigated in [28] . Note that the aforementioned negligible distributed load and the reaction force on the endoscope from the endoscope body's bending are similar in magnitude; how- ever, the loads are distributed differently. The measured force is projected onto the normal direction to the tube at the point of contact with the tip of the endoscope, which is known owing to real-time localization. Of importance is resultant tissue stress, rather than force.
To make a worst-case stress approximation, we assume the endoscope to be oriented such that a minimum surface area is making contact with tissue, as shown in Fig. 7(b) . We make an assumption that the tip of the endoscope "digs" into the tissue by 1 mm, giving a 1 mm deformation depth. Knowing the geometry of the tip of the endoscope, this "critical area" can be trivially computed and is used in any stress computation henceforth. This critical area is outlined in blue in Fig. 7(b) . Three sets of 10 retroflexion trials at various no-cross heights were conducted inside this sensing tube with best fit curves shown for clarity in Fig. 7(c) . Additionally, for each of these sets, we subtracted the magnetic force that was computed via dipole-dipole model to obtain the non-magnetic force profile. This profile, largely dependant on the endoscope body's stiffness as suggested by the increase in non-magnetic force after a 90
• angle from start of the maneuver, is represented with best fit curves in Fig. 7(c) . It is noteworthy that this body stress is significantly lower than the magnetic force, thus monitoring and throttling magnetic force may be sufficient for safe manipulation of the device. As seen in Fig. 7(c) ., the maximum applied tissue stress is 0.249 bar, which is only 8.3% of the 3 bar stress that may induce tissue damage [29] .
V. CONCLUSION
In this work, we developed an algorithm for the autonomous retroflexion of a magnetic flexible endoscope. Using a real-time force and torque magnitude optimization, the system chooses an instantaneous wrench to impart on the EM that results in the most effective motion towards its desired (retroflexed) heading. We validated the approach by demonstrating retroflexion of the tip of the endoscope with a 98.8% success rate in plastic tubes of various sizes while the EPM's no-cross height was within 50 mm of the colon. Additionally, we demonstrated retroflexion of the endoscope on an insufflated porcine colon of inner diameter similar to that of the average human colon diameter (47 mm). The set of 10 ex vivo trials resulted in a 100% success rate in a mean maneuver time of 19.7 ± 2.9 s. Although a larger magnetic field source can always be pursued, our aim was to use a permanent magnet that could be carried by a serial manipulator and make the most effective motions possible with it to accomplish the task at hand. Given that retroflexing an endoscope may require significant forces and torques, we developed a platform to measure applied normal force, and, in turn, approximate the maximum applied tissue stress. Using a worst-case tissue contact area approximation, the maximum applied tissue stress was determined to be 91.7% below what is necessary to damage tissue.
An additional contribution of this work is our consideration for the efficiency of a rotation axis of the endoscope; a concept that applies to any magnetic device. While magnetic controllers in the past have acted on an error defined by the cross product of current and desired device heading, we have shown that this is typically not the ideal rotation axis. As we demonstrate in this letter, the non-intuitive interaction between dipole fields causes significant misalignment between the two axes. How much torque can be applied for a given magnet configuration and desired heading must be considered when choosing a rotation axis for a magnetic device (the tip of the endoscope in our case). Therefore, an efficiency measure should be used to compromise between rotation distance and an ability to apply torque. In future works involving magnetic manipulation, this concept can be extended such that the need for optimization, as done in this letter, is eliminated, and rotation axes are chosen with a foreseeable rotational efficiency measure.
In summary, our autonomous platform for retroflexing a magnetically actuated colonoscope is a robust, fast, and safe technique that may improve the quality of colonoscopy and reduce colon cancer.
